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Folded-Spiral EDWAs With Continuously
Varying Curvature
D. Portch, R. R. A. Syms, and W. Huang
Abstract—The layout of folded spiral erbium-doped planar
waveguide optical amplifiers (EDWAs) is considered. A quasi-con-
tinuous function to describe the curvature of a folded-spiral
layout is presented, based upon the use of cosine and raised-cosine
variations in bend curvature. This layout provides greater gain in
a given area than the corresponding fixed-radii layout. Analysis is
initially based on simple geometric principles and the reduction
of bending losses for 180 waveguide bends. Fold-back bends
and complete EDWA layouts are then considered. Simulations
are carried out using an algorithm that combines five-level rate
equations with propagation by the method of lines.
Index Terms—Erbium-doped waveguide amplifier (EDWA), op-
tical amplifier.
WITH THE evolution of optical systems, the market nowrequires compact low-cost optical amplifiers that meet
the performance demands of metro and core/access networks.
Erbium-doped waveguide amplifiers (EDWAs) have many ad-
vantages over erbium-doped fiber amplifiers, including relia-
bility and the potential for integration with other optical com-
ponents [1], [2]. The main limitation of EDWAs is their rela-
tively low gain, which is restricted by the cooperative up-con-
version that accompanies heavy Er doping [1]. As a result,
most EDWAs require a complex layout [3].
EDWAs based on continuous and folded spiral layouts, as
shown in Fig. 1, have already been considered and ranked ac-
cording to their ability to maximize gain in a given chip area
[4]. This investigation was restricted to layouts using straight
sections and right-angle bends of constant radius, and the op-
timum layout was identified as a continuous spiral containing
waveguide intersections. However, this layout is unsuitable for
arrangement as an EDWA array, which would allow integration
costs to be reduced. In this letter, we show that the folded-spiral
layout (which can be used in a nested array) may be further im-
proved using continuously varying bends. To do so, we combine
a number of well-known curvature variations in a novel way to
describe the whole of a complex EDWA layout.
Optical simulations are carried out using a numerical algo-
rithm, which links a five-level rate equation model with beam
propagation by the method of lines [5], [6]. Full details of the
model, which does not suffer from paraxial approximations, are
given in [7]. Here, bends with constant curvature were mod-
eled by solving a discretised form of the Helmholtz equation in
cylindrical coordinates. In the present work, bends with varying
curvature are modeled by cascading sections of constant curva-
Manuscript received September 9, 2003; revised February 26, 2004.
The authors are with the Optical and Semiconductor Devices Group, De-
partment of Electrical and Electronic Engineering, Imperial College London,
London SW7 2BT, U.K. (e-mail: r.syms@ic.ac.uk).
Digital Object Identifier 10.1109/LPT.2004.827962
Fig. 1. Spiral and folded spiral EDWA geometries [4].
ture, matching the waveguide position and slope at the interfaces
between sections. The number of sections required for conver-
gence is small; typically up to nine sections were used for a 180
bend.
Simulations were performed for example parameters, as fol-
lows. The waveguide itself is a step-index planar guide with a
core width of 3.2 m and core and cladding indexes of
and , respectively, so that the guide is
single-moded at 980-nm wavelength. The Er concentration
is m , and the input pump and signal intensi-
ties are 1 mW and 0.2 W per m , respectively, averaged over
the core. The core is centrally placed in a calculation window of
40- m width. Matrix elements based on a third-order rational
series approximation to a perfect absorber [6] are used to sup-
press reflections from the edge of the window. The step size in
the propagation direction is 0.3 –1.0 mm. Transverse fields de-
rived from the equivalent passive guide are launched at the input,
and modal powers are computed after propagation by overlap
with these fields.
We begin by considering 180 bends. Excess loss generally
occurs at entry to any waveguide bend, due to the discontinuity
in curvature. For spirals, there can be many such discontinuities,
causing considerable loss. Discontinuities can be removed by
continuous curvature variations. For a 180 bend, we assume
the raised-cosine function [8]
(1)
Here is the bend length and is the propagation distance.
rises smoothly from zero at the start of the bend to a maximum
of at the midpoint, and falls to zero again at the end. The
corresponding function for a semicircle is a constant value of
.
The shape of the raised cosine bend may be plotted in
coordinates by noting that ,
, and , where
, , and are the start angle and coordinates. The
shape (labeled B) is compared with a semicircular bend (la-
beled A) in the insets to Fig. 2. Layout B is wider and shal-
lower; its extent in the and directions may be found numer-
ically as and , respectively, so that the chip
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Fig. 2. Variation of gain with chip area for 180 bends in active waveguides
based on (A) semicircular and (B) raised cosine geometries.
Fig. 3. Inset: Layout of fold-back bends based on circular arcs (route a-d) and
continuous curvature (route a-b-c-d). Main figure: Variation of curvature with
distance for route a-b-c-d.
area consumed (assuming a rectangular die) is . The
corresponding area for Layout A is . For a
fixed value of , therefore, allows an area saving of 23%.
However, its minimum radius ( ) is half that of a semicir-
cular bend ( ). should, therefore, allow increased gain
in a given area, until the minimum radius is sufficiently small
to cause excess loss. Fig. 2 shows the variation of gain with
area for semicircular and raised-cosine bends, obtained as de-
scribed above. Here, provides greater gain for areas above
120 mm .
We now consider the fold-back bends used at the center of
folded-spiral EDWAs, having a finite offset in the direction
and zero offset in the direction, as shown in the inset to Fig. 3.
Previously considered folded spiral EDWAs [4] used a fixed-ra-
dius fold-back, as shown by the route - . The alternative route
- - - allows a longer path with larger radii of curvature to be
constructed between the same start and end points. Ideally, it
would have a continuous curvature variation. However, we do
not currently know a suitable function for the entire path. In-
stead, we adopt a novel quasi-continuous variation, using the
first half of the function to define the section - , and a
similar function for - . The linking section - is provided by
an alternative cosinusoidal variation, which can eliminate dis-
continuities in position and slope but not curvature. The use of
functions of this type allows several supporting analytic conclu-
sions to be reached. The overall variation is
for
for
for
(2)
Fig. 4. Variation of curvature with distance for continuous spiral EDWAs
based on (A) circular arcs and (B) raised cosine geometries.
Here , , and . The terms
and are scaling parameters, used to ensure that the three
sections join correctly, and found numerically as
and . The length of the fold-back is, therefore,
. Fig. 3 shows the variation of with . The
function is not completely smooth, and has two discontinuities
at and . However, they are extremely small, and their effect
is negligible compared to the improvements obtained from a
variation that is at least roughly continuous.
Although the two routes - and - - - have unequal
lengths, we have already shown that provides improved
performance for 180 bends above a certain area. Consequently,
when using for the outer bends of a folded spiral EDWA,
the comparison criterion for the fold-back bend is gain perfor-
mance within an available area, defined by the longitudinal and
lateral extent of the outer bends, rather than gain performance
in a given length.
We may now assess the use of and in a folded-
spiral layout (denoted B in the inset to Fig. 4) by comparison
with a similar layout based on fixed radii (denoted A). In each
case, the layout contains straight sections, an outer spiral, and a
central fold-back bend. For comparison with results for folded-
spiral layouts obtained in [4], attention is restricted to layouts
where the entrance and exit are parallel and lie on opposite cor-
ners of the chip.
Within the spiral, the minimum interguide separation is de-
termined by the confinement of the guide system. Typically,
the separation is small compared with the bend radii. For sim-
plicity, we assume the separation is zero, so the layouts consist
of straight sections, a fold-back bend, and a whole number of
360 turns. For Layout A, the latter consist of full circles. For
Layout B, they are cascaded 180 bends, which may be obtained
simply by extending the range of (1). The curvature to
produce Layout B is then
for
for
for
for
for
(3)
Here , , ,
, and ; is
the length of a straight section, where . Layout A
may be defined in a similar way, but using sections of constant
curvature.
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Fig. 5. Variation of overall gain with chip area for continuous spiral EDWAs
based on (A) circular arcs and (B) raised cosine geometries, with path lengths
of L = 20; 30; and 40 cm.
Fig. 4 shows the variation of curvature with distance for the
two layouts, for . For Layout A, the variation is discon-
tinuous, with large changes in curvature at the fold-back bend.
For Layout B, the variation is almost continuous, with a smooth
variation at the fold-back. However, the curvature rises and falls
in the outer spiral, caused by the use of back-to-back 180 raised
cosine bends.
The total length of the type B layout is
, or . The minimum bend
radius is again , or . This value
should be compared with the corresponding result for Layout A,
namely .
The minimum bend radius of Layout B is, therefore, always less
than that of A. However, the difference tends to reduce as
increases.
In a similar way, the area of rectangular die required for
Layout B may be found as twice the area needed for a cosinu-
soidal bend, or . The
corresponding area for Layout A is .
Layout B, therefore, always requires a smaller die size for
a given total length . The relative reduction in die size
obtained by adopting Layout B is about 55% for ,
tending to about 22% for large .
Simulations of the two EDWA layouts were performed using
the model and parameters detailed earlier. Fig. 5 shows the vari-
ation of overall gain with chip area for Layouts A and B, ob-
tained for three different path lengths ( and cm).
Here, each point corresponds to a layout of different order. For
large chip areas, there is little difference between Layouts A and
B, with gain simply increasing with path length. However, the
gain obtained for cm is slightly low, suggesting that
the pump power is too small for this path length. As the area is
reduced, the performance advantage of Layout B becomes ap-
parent; it consistently provides greater gain for a given chip area.
As in [4], to quantify performance differences, we consider the
smallest chip area that may be used before the gain falls by 3 dB
below the nominal value. For Layout B, this occurs at areas 38%
lower than those of Layout A, a significant reduction.
Fig. 6 shows the variation of gain with propagation distance
for Layouts A and B, a fixed path length of 30 cm, and an ap-
proximate chip area of (a) 360 and (b) 260 mm . The large loss
occurring at the fold-back in Layout A may be clearly seen in
each case. For Layout B, there is little loss in the larger chip; in
the smaller chip, losses are larger, but, the loss in the fold-back
section is reduced compared to Layout A. Although the loss in
the outer circuits is increased slightly, the net effect is higher
Fig. 6. Variation of gain with propagation distance for continuous spiral
EDWAs based on (A) circular arcs and (B) raised cosine geometries, with
a fixed path length of 30 cm and approximate chip areas of (a) 360 and
(b) 260 mm .
overall gain. This result suggests that the optimum strategy is to
try to distribute the loss throughout the layout.
To see if improvements can be made, we have considered
other variations of a folded spiral. For example, in a multiturn
spiral, the curvature oscillation shown in the outer circuits in
Fig. 4 is apparently wasteful of space. One obvious possibility is
to hold the curvature constant once it has reached its maximum.
However, if this is done, we have verified that the resulting
layout is closer to Layout A than B in shape, with larger discon-
tinuities in curvature at the start and end of the fold-back, and
hence larger losses. We conclude that minimizing worst-case
curvature is more important than minimizing size, and that (3)
is close to optimum. Confirmation is provided by Fig. 5. Here,
losses for Layout B are roughly constant, until a critical min-
imum area is reached. This result suggests that loss is now dis-
tributed, and that high total losses arise suddenly when the loss
is high everywhere.
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